The effect of standardised implantoplasty protocol on titanium surface roughness: an in-vitro study Abstract: To analyse the changes of surface characteristics of machined and moderately roughened titanium disks following a standardised implantoplasty protocol. Forty titanium discs (machined: n = 20; moderately roughened: n = 20) were instrumented with one half of each disc maintained as the control (non-instrumented). The standardised implantoplasty protocol was carried out using a custom jig with the sequential change of burs: 1) Regular grit diamond [10s], 2) Super-fine grit diamond [10s], 3) Brownie™ silicone polisher [15s], 4) Greenie™ silicone polisher [15s]. Surface topography was analysed using confocal laser scanning microscopy (CLSM) and scanning electron microscopy (SEM). Energy dispersive x-ray spectroscopy (EDS) was used to measure the elemental profiles of each disc. Quantitative analysis showed similar changes in level of roughness between the machined and moderately roughened titanium discs. CLSM demonstrated an increased roughness (Ra and Sa values) after polishing with a regular grit diamond bur when compared to the uninstrumented surfaces. Although the roughness decreased after the further polishing with the super-fine grit diamond bur, subsequent instrumentation using silicon burs tended to increase the roughness, albeit being statistically insignificant. There was a residue of silicon particles despite the irrigation after each polishing stage. The proposed implantoplasty protocol did not achieve a sufficient level of smoothness on the machined or moderately roughened titanium surfaces when compared to the Ra threshold. Further research is recommended to test the efficacy of each bur on titanium surfaces with longer duration using actual oral implants to allow better comparison.
Introduction
Oral implants offer a successful long-term treatment option when replacing missing teeth. 1, 2 While its high predictability and long-term success rates have been well documented in the literature, it is not without ongoing maintenance or complication issues. One of the biological complication issues that can have detrimental impact on the long-term outcome of implant restorations includes peri-implantitis.
Peri-implantitis has been defined as an inflammatory disease of peri-implant supporting tissues associated with bacterial activity specifically, Declaration of Interests: The authors certify that they have no commercial or associative interest that represents a conflict of interest in connection with the manuscript.
gram-negative rods such as Prevotella intermedia, Treponema denticola, Tanarella forsythia, Aggregatibacter actinomycetemcomitans and Porphyromonas gingivalis. 3, 4 It is characterised by bleeding on probing, increased probing depth, bone loss, and in several cases associated gingival recession. Links have been shown to the red complex microorganisms and gram-negative anaerobes who themselves are linked to the progression of periodontal disease as they have been found at the site of the affected areas. 5 It has also been shown that patients who have a history of periodontal disease prior to implant treatment can experience higher rates of peri-implant diseases 6, 7 including those with other risk factors such as smoking or diabetes. 8 The aim of treating peri-implantitis is to disrupt the biofilm, detoxify the implant surface and therefore improve surface biocompatibility. This has become more of challenge as rougher macro-and microscopic implant surfaces have been employed to improve the rate of osseointegration 9,10 and maintaining plaque-free surfaces when the implants are exposed to the oral cavity is very difficult. Common treatment options for peri-implantitis include mechanical debridement, administration of local and systemic antibiotics, and complex surgical techniques. However, the surfaces must be detoxified using a chemical agent such as chlorhexidine, citric acid and hydrogen peroxide to further remove bacteria and concurrently eliminate or dilute the endotoxins formed by the previously colonised bacteria 11, 12 prior to any regenerative techniques are attempted often in combination of detoxification techniques. 12 However, it has been shown that one-off mechanical treatment is inadequate in assuring the complete removal and prevention of recurrent disease.
Administration of systemic antibiotics have been shown to be effective for some peri-implant diseases in short-term studies, 13 however, its long-term efficacy remains to be established. Treatment outcomes using other non-surgical therapies such as air abrasion, laser and chemotherapeutics have also been either inconclusive or ineffective to halt progression of disease. 14, 15 The use of ultrasonic scalers and/or manual carbon fibre curettes, are also inadequate for decontaminating implant surfaces with peri-implant pockets greater than or equal to 5 mm.
Implantoplasty is an alternative option to improve the implant surface topog raphy to reduce microbial adhesion and colonisation thus preventing re-infection of the site. 7, 17 This involves mechanically adjusting the exposed implant threads with rotary instruments to reduce the roughness of the surface and therefore minimise future plaque retention. 17, 18, 19, 20 Although it is well accepted that the affected rough implant surface must be altered to minimise the establishment of biofilm, there is no current consensus in the literature regarding a suitable polishing protocol.
The purpose of this in-vitro study was to assess the efficacy of polishing protocols in achieving a clinically viable threshold of titanium surface smoothness as well as evaluating any presence of foreign particles on the instrumented titanium surfaces at the completion of implantoplasty.
Methodology Titanium specimen
Forty grade IV titanium disks with machined (n = 20) and moderately roughened (n = 20) surfaces were used. The moderately roughened disks had surface modification carried out by an ablative process, comparable to the currently available oral implants (Southern Implants Ltd, Irene, South Africa). Each titanium disk had identical dimensions (diameter = 9.0 mm; thickness = 2.0 mm) and was divided into two equal halves (surface area = 127.2 mm 2 ) so that only the half of each disk was instrumented with the other side acting as a control. Sample size was calculated based on a power analysis using G Power software 21, 22 for Mann-Whitney test. The power was set at 0.8 with an effect size of 1.2 and an alpha error probability of 0.05. The power analysis showed that a total of 40 disks were required.
Instrumentation protocol
A custom-made device (Figure 1a ) based on previous designs 18, 23 with further modifications which included a precision mobile disk stage and a pressure control lever was used. A handpiece (W&H Synea Turbine TA-98 CLED, Ignaz-Glaser-Straße, Bürmoos, Austria) was secured in an adjustable jig leading to the mobile disk stage. 18, 22 In order to standardize the pressure applied during the timed polishing protocol (TPP), a force of 100N was exerted and calibrated with an Orthodontics dial tension meter (Correx Haag-Streit Tension meter, Haag-Streit AG, Korniz, Switzerland) prior to each test (Figure 1b ).
Burs
Four different types of burs were used in the TPP: Shofu™ regular diamond (reference: 107RD), super-fine grit diamond (reference: SF107RD), Brownie™ (reference: PN0401) and Greenie™ (reference: PN040). Diamond burs were used 10 seconds each followed by silicone burs, which were applied for 15 seconds each ( Figure 2 ). Burs were limited to a single use only and the titanium disks were stored securely in vials until microscopy analysis.
Microscopy analysis
Topographical analysis of the discs was carried out using confocal laser scanning microscopy (CSLM) (Zeiss LSM 510, Carl Zeiss Microscopy GmbH, Jena, Germany), scanning electron microscopy (SEM) (JEOL 6700F Field Emission SEM, Tokyo, Japan), and electron dispersive x-ray spectroscopy (EDS). SEM photomicrographs at various magnifications (25x to 5000x) were acquired from all 40 discs using 5kV accelerated voltage.
When analysing with the CLSM, PlanApochroma x2/NA 0.6 objective was used with the confocal aperture adjusted to give an optical section depth of 3.0 µm and operated in reflection mode with gain adjusted to avoid pixilation saturation. The limit of the z-axis was determined during imaging. Images were taken at four sites per disc, two per instrumented and two per non-instrumented surface. Sites were chosen to avoid manufacturing features that could alter the surface roughness, such as digit and line scoring seen visually on the disc surface. The quantitative data was derived from qualitative surface topography created by ImageJ (Rasband, W.S., U.S. National Institutes of Health, Bethesda, USA, imagej.nih.gov/ij/, 1997-2012) and surface topography graphs were generated. Surface roughness measurements (Ra and Sa values) were used to quantify the surface morphology of the discs. EDS (JEOL 2300) at an accelerating voltage of 25kV was used to derive the surface elemental composition of disc surfaces.
Statistical analysis
Mean values and standard deviations were derived from the raw data using a designated software . Wilcoxon signed rank tests was conducted to detect differences between instrumented and control discs and Mann-Whitney U tests were done to compare the data between machined and moderately roughened discs. Kruskal-Wallis tests was also carried out to compare each instrumentation stage followed by a post hoc Dunn's test. Statistical significance was set at p<0.05 (IBM SPSS Statistics version 2.0 IBM corp., Armonk, USA).
Results

SEM
SEM images of non-instrumented machined surfaces showed slight irregularities of concentric and isolated, with superficial linear surface marks which were characteristics of the milling process used (Figure 3a) . Moderately roughened surfaces show a much more irregular abraded pattern, with pits and crevices due to the surface blasting with aluminium oxide particles (Figure 3b ). The EDS profiles of non-instrumented surfaces consisted mainly of titanium (Figure 3c ) whereas the moderately roughened surfaces (Figure 3d ) showed traces of aluminium as expected from the grit-blasting process.
The regular grit diamond bur (Step 1) was effective in modifying the machined and moderately roughened titanium surface resulting in a wave-like ditching pattern with lateral striations throughout the instrumented area (Figure 4a ). This polishing step resulted in a gross reduction of the original surfaces of the moderately roughened titanium discs (Figure 5a ). Both surface types showed an irregular shelf-line pattern which was more evident under a higher magnification and a light irregular distribution of debris was also present on both instrumented and control surfaces. These changes 
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were also apparent when the super-fine grit diamond bur was used in addition (Step 2). This additional polishing procedure reduced the width of the ditches and shelves formed previously resulting in a similar but much finer pattern (Figure 4b , 5b). The proportion of random debris increased slightly for both instrumented and control surfaces (Figures 4b, 5b) . Silicone polishing burs (Brownie™) were introduced at step resulting in a reduced depth of the ditches formed from previous steps, as confirmed by a smoother surface interpreted at higher magnification (Figure 4c, 5c ). The final polishing step included the Greenie™ silicone bur, which produced a further polished surface (Figure 4d, 5d) . Introduction of both types of silicone burs produced an increase in foreign debris with the last polishing protocol showing the most observed remaining foreign particles.
Confocal Microscopy
The control surfaces of both machined and moderately roughened titanium discs appeared relatively homogenous (Figure 6a, 6c) . However, after the instrumentation, both groups appeared The effect of standardised implantoplasty protocol on titanium surface roughness: an in-vitro study to have rougher surfaces while being reduced in surface height (Figure 6b, 6d) . Each stage of polishing protocol showed a statistically significant difference in roughness (Ra) compared to the corresponding controls (Table 1 , 2). When comparing the mean roughness (Ra) at each instrumentation step between the machined and moderately roughened titanium discs, there was no obvious difference except when the regular diamond bur (step 1) was used (p = 0.008) ( Table 3) .
Discussion
S eve ra l t r e at me nt op t ion s for t r e at i ng peri-implantitis have been proposed in the literature with the main aims to control the infection, detoxify the implant and regenerate alveolar bone. 25 As maintaining a plaque-free implant surfaces is necessary to achieve a positive treatment outcome, resective implantoplasty has the advantage of modifying the macroscopic topography of the titanium implants to reduce retention of plaque and debris. 20 However, no clear guideline of armamentarium or clinical steps is yet to be suggested.
The implantoplasty protocol used in this in-vitro study has been modified since the original protocol 18 by proving a larger titanium disc area to be instrumented and thus allowing for longer strokes of polishing. This avoided multiple cutting 
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of the same surface which created a ditching effect. The TPPs followed a stepwise approach, where the titanium surface was initially recontoured and modified with regular and fine grit diamond burs, followed by the silicone burs as the final polishing protocol. The use of different types of burs were employed with the aim of reducing the surface roughness of titanium disks below a Ra threshold of 0.2 µm to deter any biofilm formation. 6, 26, 27 Other studies have included rough and smooth diamond burs as well as carbide and silicon burs with various sequences. 6, 17, 18, 19 de Souza et al. 19 , demonstrated that three different rotational instruments: diamond, tungsten carbide and multilaminar burs resulted in similar surface roughness after performing implantoplasty procedures. However, the results from this study did not objectively standardised the time of instrumentation as it was determined by visual analysis of the operator only.
The proposed implantoplasty protocol resulted in a rougher surface after the instrumentation compared to the control. This indicates that the current polishing protocol alone is insufficient in decreasing the level of roughness to the desired Ra threshold of 0.2 µm. Instrumentation using only the regular diamond bur increased the roughness; however, there was no statistically significant difference in the changes of roughness level when further polishing was carried out with other burs. This was apparent for both the machined and moderately roughened titanium discs. Visual interpretation of SEM and ImageJ generated surface topographies, indicated a pattern of reduction and polishing from Step 1 to 4 of the TPP. The wave-like pattern formed by regular-grit diamond instrumentation, was refined throughout the instrumentation steps as confirmed by the topographical maps, these align with results of Tawse-Smith et al. 18 Another study 28 which tested the polishing protocol of titanium abutments using fine diamond grit bur, silicon burs (Brownies and Greenies), cloth mops and a polishing compound showed that some areas might be roughened with diamond grit or carborundum, to the extent that in the final polishing steps these areas can be missed. However, it must be appreciated that polishing machined titanium surfaces without any thread features will be a different scenario to polishing an exposed oral implant. The current study indicated that there was 20 times higher Ra value of the instrumented titanium surface compared to the desirable Ra threshold which will be conducive to biofilm growth. Systematic reviews have found the mechanical therapy produced variable results and rotary metal reduction overall, led to increased roughness. 29 However, a recent study 30 found that the best protocol was using diamond burs only in the order of descending grit, which performed better without the Greenie™ polishing point. There was also a statistically significant variation within the machined titanium disc (control) group, which may be explained by the accumulation of remaining foreign particles rather than the actual mechanical modification of the surface as confirmed by the SEM analysis.
Throughout the polishing protocol, the accumulation of surface debris increased despite irrigation after each instrumentation. The EDS detected traces of aluminium in the uninstrumented surfaces of the moderately roughened titanium discs due the aluminium oxide grit blasting used in the surface roughening process. However, it was noticed that after polishing the surface with the regular diamond bur, the aluminium particles were no longer detectable confirming the removal of at least the most superficial layer of the moderately roughened titanium discs. Instrumentation with the Brownie™ and Greenie™ silicone burs introduced additional foreign particles detectable via EDS despite the use of water irrigation after each step. This is of significant clinical concern when carrying out implantoplasty as the instrumentation may introduce non-biocompatible foreign materials that remain in the treated areas, thus further complicating the treatment outcome. Others have also suggested minimising the usage of silicon points and using Arkansas stone to reduce any silicon debris remaining on the instrumented surfaces. 30 As this in-vitro study simulated only the microscopic characteristics of the machined and moderately roughened implant surfaces without the macroscopic features of threads, the correlation of the results to the clinical setting may be limited. Further research in this field should include the introduction of different instruments/burs and different instrumentation duration including using the actual oral implants to allow more comparable results to an in vivo setting.
Conclusion
The proposed implantoplasty protocol did not achieve the level of smoothness on the machined or moderately roughened titanium surfaces when compared to the Ra of the control disks. Similar roughness levels were obtained for both surfaces after instrumentation. Further research is recommended to test the efficacy of each bur on titanium surfaces with longer duration using actual oral implants to allow better comparison.
